RNase H plays an essential role in the replication of human immunodeficiency virus type 1 (HIV-1). Therefore, it is a promising target for drug development. However, the identification of HIV-1 RNase H inhibitors (RHIs) has been hampered by the open morphology of its active site, the limited number of available RNase H crystal structures in complex with inhibitors, and the fact that, due to the high concentrations of Mg 2؉ needed for protein stability, HIV-1 RNase H is not suitable for nuclear magnetic resonance (NMR) inhibitor studies. We recently showed that the RNase H domains of HIV-1 and prototype foamy virus (PFV) reverse transcriptases (RTs) exhibit a high degree of structural similarity. Thus, we examined whether PFV RNase H can serve as an HIV-1 RNase H model for inhibitor interaction studies. Five HIV-1 RHIs inhibited PFV RNase H activity at low-micromolar concentrations similar to those of HIV-1 RNase H, suggesting pocket similarity of the RNase H domains. NMR titration experiments with the PFV RNase H domain and the RHI RDS1643 (6-[1-(4-fluorophenyl)methyl-1H-pyrrol-2-yl)]-2,4-dioxo-5-hexenoic acid ethyl ester) were performed to determine its binding site. Based on these results and previous data, in silico docking analysis showed a putative RDS1643 binding region that reaches into the PFV RNase H active site. Structural overlays were performed with HIV-1 and PFV RNase H to propose the RDS1643 binding site in HIV-1 RNase H. Our results suggest that this approach can be used to establish PFV RNase H as a model system for HIV-1 RNase H in order to identify putative inhibitor binding sites in HIV-1 RNase H.
I
n foamy viruses (FVs), the mature reverse transcriptase (RT) harbors the protease (PR) at its N terminus, leading to a multifunctional enzyme that carries out the functions of PR and RT, including the activities of RT-associated RNA-dependent DNA polymerase (RDDP) and RNase H (1) (2) (3) . In contrast to the human immunodeficiency virus type 1 (HIV-1) RT heterodimer (p66/ p51), prototype FV (PFV) PR-RT has been shown to be monomeric and able to catalyze all RT-related functions (3), while PR activation requires dimer formation of the PR domain via the binding of PR-RT to a specific element on the viral RNA, called the protease-activating RNA motif (PARM) (4, 5) . Hence, for the retrotranscription functions, PFV PR-RT differs from alpharetroviral and lentiviral RTs (including HIV-1 RT), which are dimeric, and it is similar to the gammaretroviral RTs that are monomeric (6) . In addition, the PFV RNase H domain possesses a basic protrusion, including a basic loop and the so-called C-helix, which is important for activity and substrate binding and is absent in the HIV-1 RNase H domain (7, 8) . In HIV-1 RT, the basic protrusion is absent; instead, a loop derived from the connection domain of the p66 subunit fulfills a similar function (7, 8) . Therefore, in contrast to FV, the free HIV-1 RNase H domain, which lacks the loop, is not enzymatically active (7) (8) (9) (10) (11) .
In the search for effective drugs to treat HIV-1-infected patients, many HIV-1 RT inhibitors have been identified in the last 25 years (12) . They are generally divided into nucleoside analogue RT inhibitors (NRTI), nonnucleoside analogue RT inhibitors (NNRTI), and RNase H inhibitors (RHI) (12-15); however, no RNase H inhibitor is yet in clinical use.
HIV-1 RNase H is an attractive new target for drug discovery, since its enzyme activity is essential for viral replication. During the last 10 years, several classes of HIV-1 RHIs have been identified (12) (13) (14) (15) . The design of potent RHIs has proven difficult due to the open morphology of the RNase H active site (16) and the limited number of available RNase H crystal structures in complex with inhibitors (17) (18) (19) (20) (21) . In addition, given the fact that under nuclear magnetic resonance (NMR) conditions, the free HIV-1 RNase H domain is stable only in the presence of 20 to 80 mM MgCl 2 , it is difficult to perform binding studies with inhibitors that interact with magnesium ions (22) (23) (24) . Furthermore, since the free HIV-1 RNase H domain is not active, a chimeric HIV-1 RNase H domain harboring the substrate binding loop from Escherichia coli RNase H is often used for inhibitor testing (20, (24) (25) (26) .
Therefore, we wanted to investigate whether HIV-1 RHIs are also able to inhibit PFV RNase H. In fact, structural alignments of the two RNase H domains reveal that with the exception of the basic protrusion, the overall three-dimensional structures of HIV-1 and PFV RNase H are highly homologous (8, 12, 27) . If PFV RNase H were inhibited in a similar fashion, it could serve as an HIV-1 RNase H model for inhibitor interaction studies. Moreover, we have shown that FV RNase H is soluble and stable at 6 mM MgCl 2 (7, 8 
Inhibitor docking. Docking experiments were performed using the program AutoDock Vina (29) . Nonpolar hydrogen atoms were removed from both protein and ligand and saved in a PDBQT format. A grid box was set with 20 ϫ 36 ϫ 28 points in x, y, z direction and Ϫ8.5, Ϫ18.0, 7.0 grid center for PFV RNase H (Protein Data Bank identification no. [PDB ID] 2LSN). The grid box included the active-site residues and the adjacent residues exhibiting significant chemical shift changes These parameters were saved in a configuration text file (config.txt), followed by autodocking. The results generated were visualized in PyMOL. Among the inhibitor binding orientations obtained, the orientation that fit best to the NMR data was chosen.
RESULTS AND DISCUSSION
Inhibition of PFV PR-RT enzyme activities. For the analysis of FV PR-RT inhibition, we chose the diketo acid derivative 6-[1-(4-fluorophenyl)methyl-1H-pyrrol-2-yl)]-2,4-dioxo-5-hexenoic acid ethyl ester (RDS1643) (28), 3-hydroxy-4-propionyl-3,4-dihydroquinolin-2(1H)-one (DHQ) (30) , and the natural product 2,7-dihydroxy-4-isopropyl-cyclohepta-2,4,6-triene (␤-thujaplicinol) (31) , which were reported to inhibit HIV-1 RNase H by binding the two divalent Mg 2ϩ ions in the catalytic site. We also chose the vinylogous urea derivative 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxamide (VU6), which was reported to inhibit HIV-1 RNase H by interacting with a pocket located at the junction between the p51 subunit thumb subdomain and the p66 RNase H domain, possibly affecting the conformation of the adjacent p66 RNase H domain (32) , and the hydrazonoindolin-2-one de- rivative, (Z)-3-(2-(4-(3,4-dihydroxyphenyl)thiazol-2-yl)hydrazono)indolin-2-one (NSC657589), which was shown to inhibit both HIV-1 RT-associated RDDP and RNase H activities, possibly by binding to a site located in a region between the polymerase catalytic aspartate triad (Asp110, Asp185, Asp186) and the NNRTI pocket, hence contiguous to the NNRTI pocket but different from it (33) . Figure 1 shows the chemical structures of the inhibitors used in this study. When these HIV-1 RHIs were tested on PFV PR-RT in biochemical assays using the methods previously described for HIV-1 RT-associated RNase H and polymerase functions (34) (35) (36) and the reaction conditions previously optimized for PFV PR-RT (3), we observed that all selected RHIs inhibited the PFV PR-RT (Table 1 and Fig. 2 ). In particular, the metal binding catalytic site binder RHIs, RDS1643, DHQ, and ␤-thujaplicinol, inhibited the PFV PR-RT RNase H activity, with 50% inhibitory concentrations (IC 50 s) comparable to the ones obtained for HIV-1 RT, with the exception of DHQ, which was 2.5-fold-less potent on PFV PR-RT than on HIV-1 RT. Unexpectedly, while RDS1643 and DHQ have been reported to be selective for the HIV-1 RNase H function (Table 1) , they also inhibited the PFV PR-RT-associated RDDP activity with the same potency shown for the RNase H function (Fig. 2) . In contrast, ␤-thujaplicinol was inactive on the associated RDDP activities of both enzymes (Table 1 and Fig. 2 ). On one hand, these results may indicate that RDS1643 and DHQ also bind the Mg 2ϩ ions in the PFV PR-RT DNA polymerase (DP) site, while ␤-thujaplicinol is not able to act on the DP site; however, in all the retroviral RTs crystallized so far, the geometrical characteristics of the two sites are quite different, and this hypothesis is not very likely to be accurate. It is more plausible that the binding of RDS1643 and DHQ at the PFV RNase H active site may reduce the PFV PR-RT flexibility and, with a long-range effect, it may also affect its RDDP activity. Moreover, RDS1643 probably contacts the nucleic acid in the RNase H active site and thus might hamper polymerization activity due to a change of primer position in the polymerase active site. Possibly, given the structure of ␤-thujaplicinol, its binding to the PFV RNase H site does not involve the amino acid residues interacting with RDS1643 and DHQ, so that a long-range effect cannot take place. Next, we assayed the vinylogous urea derivative VU6, showing that it inhibited the PFV PR-RT-associated RNase H function 2.9-fold-more potently than did HIV-1 RT. Interestingly, VU6 was also able to inhibit PFV PR-RT-associated RDDP activity, while it was inactive on the HIV-1 RT RDDP (Table 1) . Of note, the inhibition of PFV RDDP and RNase H activities occurs at comparable compound concentrations (Table 1) , suggesting a unique inhibitor binding site exerting an effect on both activities. Since vinylogous urea derivatives have been proposed to bind to a pocket located at the junction between the p51 subunit thumb subdomain and the p66 RNase H domain of HIV-1 RT and, in particular, to interact with an ␣-helix adjacent to the RNase H domain in the p51 subunit (32, 37), we speculate that even though HIV-1 RT is a heterodimer and PFV PR-RT is a monomer, this pocket is present in both proteins. Therefore, VU6 inhibition of both PFV PR-RT RNase H and RDDP functions reinforces the hypothesis that the binding of RHIs to PFV PR-RT may decrease its flexibility, leading to a complete loss of its catalytic activities.
Subsequently, we tested the hydrazonoindolin-2-one derivative NSC657589, which has been reported to inhibit both HIV-1 RT-associated functions (33) . Our data reveal that it inhibited both PFV PR-RT RNase H and RDDP functions. The IC 50 s observed for PFV PR-RT inhibition by NSC657589 were 2-to 3-fold lower than those observed for HIV-1 RT inhibition. NSC657589 has been proposed to inhibit HIV-1 RT by binding a site close to but distinct from the NNRTI binding pocket (33) . Therefore, our results suggest that either this pocket is present also in PFV PR-RT or that the NSC657589 activity on HIV-1 RT is due to the binding to a different site, possibly close to the RNase H binding pocket.
In addition, we wanted to test the NNRTI efavirenz on PFV PR-RT functions, since it is known that the NNRTI binding pocket is present in HIV-1 RT only and not in the highly homologous HIV-2 RT (38). In HIV-1 RT, two tyrosines, Y181 and Y188, close to the (underlined) active-site motif Y 183 MDD (VIY 181 QYMDDLY 188 V), as well as the substitution K103N, are involved in efavirenz resistance (38) . Sequence comparisons show that in PFV RT, only the tyrosine corresponding to Y188 is present (NVQVYVDDIY 317 L); however, due to the low sequence identity (ca. 26%), it is difficult to judge whether the lysine corresponding to K103 is also present in PFV RT. Our results showed that efavirenz was not able to inhibit either PFV PR-RT function ( Table 1 ), confirming that the NNRTI binding pocket is not present in PFV PR-RT and that the hydrazonoindolin-2-one derivative NSC657589 binds to a different site from that of the NNRTI binding pocket.
NMR titration experiments with the free PFV RNase H domain. To learn more about RNase H inhibitor binding, we tested the binding of several of the inhibitors, namely, RDS1643, NSC657589, and VU6, to the free PFV RNase H domain in NMR titration experiments. An NMR spectrum correlating the resonance frequencies of chemical shifts of amide protons directly bonded to 15 ID 2LSN) (7, 8) . Thus, NMR assignment and structural information can be used for inhibitor titration experiments. However, measurements using the RNase H inhibitors and PFV RNase H were partially hampered by the low solubility of the inhibitors in aqueous solutions and the high inhibitor concentrations needed in NMR spectroscopy, since concentrations of 15 Nlabeled enzyme of around 50 to 100 M are necessary to obtain analyzable signals. In fact, the addition of NSC657589 and VU6 to 15 N-labeled PFV RNase H resulted in partial precipitation of the inhibitors. Final concentrations of about 2 mM NSC657589 (ca. 32-fold excess) or 12 mM VU6 (ca. 194-fold excess) were added to 15 N-labeled PFV RNase H. However, due to the partial precipitation of inhibitors and possibly enzymes even at lower inhibitor concentrations during the measurements, the spectra could not be evaluated (data not shown).
In contrast, the addition of the inhibitor RDS1643 (49-fold excess) gave rise to relevant chemical shift changes of certain residues in the HSQC spectrum ( Fig. 3 ; see also Fig. S1 in the supplemental material). A chemical shift change of Ն0.02 ppm was considered relevant (Fig. 3A) . Significant chemical shift changes upon the addition of inhibitors were observed with residues T598, A614, G617, T641, I647, A648, T668, Y672, A674, W703, K722, H732, and T733. The overlays of the HSQC spectra of residues T641 and W703 recorded at various inhibitor concentrations are illustrated in Fig. 3B . The data confirm that RDS1643 binds to the RNase H domain and suggest that the effects on polymerization are indirect. However, we cannot exclude a second binding site in the polymerase domain.
The residues exhibiting significant chemical shift changes upon the addition of inhibitors are highlighted in the three-dimensional structure of PFV RNase H (Fig. 4A) . Among the residues leading to significant chemical shift changes, T598, A614, G617, A648, T668, and A674 are not surface exposed, while residues, T641, I647, Y672, and W703 are spatially close together and oriented toward the protein surface (Fig. 4B) .
Residues T598, I647, A648, and T668 are adjacent to the activesite residues D599, E646, and D669, respectively (Fig. 4A) . W703 is in the alpha-helix D, which follows the basic loop that has been shown to be involved in nucleic acid substrate binding (8) . T641 is located at the beginning of the alpha-helix A, which also harbors the active-site residue E646.
These data indicate that the inhibitor binding pocket is located next to the active site and might be formed by the surface-exposed residues T641, I647, Y672, and W703. The residues K722, H732, and T733 located at the beginning of the alpha-helix E and the adjacent N-terminal loop are also surface exposed. However, they exhibited only small chemical shift changes (Ͻ0.03 ppm), which might be due to minor direct or indirect conformational changes induced by the binding of the inhibitor.
Most of the other residues shown in Fig. 4A are located in the interior of the protein (Fig. 4B ) and therefore do not come into consideration for direct inhibitor contact. Rather, the binding of the inhibitor can lead to indirect changes in the local structure of the protein by changing side-chain orientations.
To show how the nucleic acid substrate is bound in relation to the putative inhibitor binding pocket, we modeled the RNA/DNA substrate of the human RNase H-RNA-DNA complex (PDB ID 2QK9) onto the PFV RNase H (8). For clarity, only the nucleic acid without the human RNase H is presented (Fig. 4C) . It has been shown by UV/visible light (Vis) spectroscopy and isothermal titration calorimetry that RDS1643 and other diketo acids (DKAs) bind Mg 2ϩ or Mn 2ϩ (26, 28) and thus can interact with the metal ions in the active site of the RNase H. This is consistent with our observation of chemical shift changes in the NMR titration experiment close or next to the active-site residues. Overall, these data suggest that RDS1643 can bind Mg 2ϩ in the RNase H active site and that it can make additional interactions with residues next to it to stabilize its binding.
To further verify this mode of interaction, we performed docking calculations with RDS1643 and PFV RNase H using the program AutoDock Vina (29) . Based on our NMR data, we limited the potential binding site to the active site and the area that includes residues T641, I647, Y672, and W703. Figure 4D depicts a possible binding mode of the inhibitor that is in good agreement with our results. The keto groups of RDS1643 reach into the RNase H active site and thus may be able to bind the metal ions, while the hydrophobic part of the molecule is close to Y672 and W703.
Structure comparisons. To elucidate the binding of RDS1643 to HIV-1 RNase H, we performed a secondary structural alignment of HIV-1 RNase H and PFV RNase H (Fig. 5A) . In HIV-1 RNase H, residues T473, L479, Y501, and V518 correspond to T641, I647, Y672, and W703 in the inhibitor binding pocket of PFV RNase H. The structural overlay of PFV RNase H with HIV-1 RNase H presented in Fig. 5B implies that in HIV-1 RNase H, the binding of the inhibitor might take place in a similar way. Nevertheless, RDS1643 binding to the RNase H might have different effects on the RDDP activities of the two enzymes, owing to structural differences, i.e., being a heterodimer versus a monomer. Therefore, specific studies on HIV-1 RT are needed to elucidate the RDS1643 mode of RNase H inhibition.
Despite the utility of PFV RNase H as a model system, we did not attempt to select for resistant virus, since the replication cycles between the two viruses and the time point of reverse transcription in those cycles differ, i.e., while reverse transcription in HIV-1 takes place immediately after the virus enters the cell, reverse transcription in FVs occurs predominantly in the virus-producing cell before the virus leaves the infected cell. Thus, FVs harbor DNA in the virus particle (39) (40) (41) . These differences might have an impact on the development of resistant viruses and might make results difficult to compare and interpret.
Conclusions. We tested the effect of five HIV-1 RHIs known to interact with different HIV-1 RT pockets on PFV RT in vitro: four selective RHIs (RDS1643, DHQ, ␤-thujaplicinol, and VU6) and one HIV-1 RDDP and RNase H dual inhibitor (NSC657589). Moreover, for comparative purposes, we included in the study the nonnucleoside inhibitor efavirenz. All RHIs inhibited the PFV RNase H function at low-micromolar or nanomolar concentrations. These results are comparable to the ones reported for HIV-1 RNase H, indicating similar binding in the two proteins (Table 1) . Among the selective RHIs tested, RDS1643, DHQ, and VU6 inhibited the FV RT-associated RDDP activity, suggesting differences with HIV-1 RT in the structure and flexibility of the protein.
NSC657589 was confirmed in its ability to inhibit both functions in PFV RT. Efavirenz was inactive on PFV PR-RT, indicating the lack of the nonnucleoside binding pocket, as reported for other monomeric RTs, confirming that NSC657589 does not bind to the nonnucleoside binding pocket.
Since the structure of PFV RNase H has been determined by NMR spectroscopy (7, 8) , NMR analysis was used to characterize the interactions of RDS1643 with the protein. In the presence of magnesium ions, NMR titration experiments revealed several conformational changes of the residues next to the active-site amino acids, indicating an interaction between the keto groups of RDS1643 and the magnesium ions in the RNase H active site. Moreover, chemical shifts of noncatalytic residues in the PFV RNase H active-site region (T641, I647, Y672, and W703) might provide a hydrophobic pocket for the aromatic moiety of RDS1643 and thus improve its binding affinity. Due to the high structural similarity of PFV and HIV-1 RNase H, docking experiments and structural overlays enabled us to propose an inhibitor binding site in HIV-1 RNase H. This includes the corresponding HIV-1 RNase H residues T473, L479, Y501, and V518, some of which are conserved, since they are located in the RNase H primer grip area. Our results suggest that PFV RNase H can be used as a model enzyme to analyze the binding of HIV-1 RHIs, while it cannot be used to analyze HIV-1 NNRTI binding.
